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Local confinement of disease-
related microbiome facilitates 
recovery of gorgonian sea fans  
from necrotic-patch disease
Elena Quintanilla1,2, Catalina Ramírez-Portilla  1,3, Boahemaa Adu-Oppong4, 
Gretchen Walljasper4, Stefanie P. Glaeser5, Thomas Wilke  1, Alejandro Reyes Muñoz3,4,6 & 
Juan A. Sánchez1,2
Microbiome disruptions triggering disease outbreaks are increasingly threatening corals worldwide. In 
the Tropical Eastern Pacific, a necrotic-patch disease affecting gorgonian corals (sea fans, Pacifigorgia 
spp.) has been observed in recent years. However, the composition of the microbiome and its disease-
related disruptions remain unknown in these gorgonian corals. Therefore, we analysed 16S rRNA 
gene amplicons from tissues of healthy colonies (n = 19) and from symptomatic-asymptomatic 
tissues of diseased colonies (n = 19) of Pacifigorgia cairnsi (Gorgoniidae: Octocorallia) in order to test 
for disease-related changes in the bacterial microbiome. We found that potential endosymbionts 
(mostly Endozoicomonas spp.) dominate the core microbiome in healthy colonies. Moreover, healthy 
tissues differed in community composition and functional profile from those of the symptomatic 
tissues but did not show differences to asymptomatic tissues of the diseased colonies. A more diverse 
set of bacteria was observed in symptomatic tissues, together with the decline in abundance of the 
potential endosymbionts from the healthy core microbiome. Furthermore, according to a comparative 
taxonomy-based functional profiling, these symptomatic tissues were characterized by the increase 
in heterotrophic, ammonia oxidizer and dehalogenating bacteria and by the depletion of nitrite and 
sulphate reducers. Overall, our results suggest that the bacterial microbiome associated with the 
disease behaves opportunistically and is likely in a state of microbial dysbiosis. We also conclude that 
the confinement of the disease-related consortium to symptomatic tissues may facilitate colony 
recovery.
Corals worldwide are severely threatened by the increased incidence of diseases over recent decades1,2. As an 
important modifying factor of reef systems, diseases may reduce coral cover, decrease diversity and affect coral 
life-history traits3. As a consequence, changes in coral communities and massive coral die-offs have occurred 
globally, challenging the resilience of coral ecosystems4–6.
Corals are meta-organisms comprising the coral animal itself and a microbial community (the ‘microbiome’) 
such as protists, bacteria, archaea, viruses and fungi, which collectively constitute the coral holobiont7,8. The 
microbiome confers benefits to the holobiont including nutrient acquisition and disease resistance through the 
production of antibiotic compounds9,10. Indeed, metabolic complementation (i.e. production of metabolites by 
each partner that are crucial for the survival of other’s holobiont partners) highlights reciprocal relationships 
existing between microbiome and coral host11. Identifying the stable and consistent components occurring within 
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the coral microbiome, the ‘core microbiome’, provides insights into the functions that these assemblages offer to 
the holobiont and enables the understanding of critical microbiome changes associated with disturbances12,13. 
Such changes in the composition and function of the microbiome affect holobiont fitness and disease susceptibil-
ity, potentially leading to disease outbreaks1,14.
Understanding coral disease causation remains challenging as complex interactions exist between causative 
agents, environment and host1,15. External factors such as infectious or opportunistic pathogens and environmen-
tal stressors may affect a compromised coral holobiont, potentially triggering diseases15. In particular, complex 
interactions have been identified within coral microbial communities driving disease processes16. The latter may 
explain why the etiology of most coral diseases cannot be attributed to single causative agents and hence, terms 
such as ‘opportunistic pathogens’, ‘polymicrobial diseases’, ‘pathobiome’ and ‘dysbiosis’ (i.e. microbial imbalance) 
have been associated with coral diseases16–18.
Healthy and disease-related coral microbiomes are poorly understood at an intra-colony level19. Different bac-
terial assemblages may occur within diseased colonies, revealing intermediate health states20. Therefore, studies 
of tissues differentially affected within diseased colonies may promote a better understanding of the spatial effects 
of the disease-associated microbiome and disease progression, which in turn may allow for the identification of 
different coral health states.
Die-offs related to disease outbreaks have been observed in the gorgonian sea fan Pacifigorgia cairnsi 
(Gorgoniidae: Octocorallia)21,22. This species is native to the TEP and dominates the infralitoral seascape at 
Malpelo Island (Colombian TEP), forming dense aggregations on rocky outcrops and walls that occur up to 30 m 
water depth21,23. In this study we tested for disease-related changes in the bacterial microbiome of P. cairnsi sea 
fans by generating 16S rRNA gene amplicons from healthy (n = 19) and diseased (n = 19) colonies. In order to 
achieve this goal, we identified the bacterial community composition of the core microbiome associated with 
the healthy state as a baseline for our subsequent analyses. We then compared tissues from healthy colonies and 
tissues affected by the disease to assess disease-related shifts in bacterial community compositions and functional 
profiles. Finally, we tested for disease-related shifts occurring within diseased colonies (i.e. between symptomatic 
and asymptomatic tissues) in order to identify the relationships between the bacterial microbiome and gorgonian 
health states at an intra-colony level.
Results
The total count of quality-filtered reads obtained was 3,726,194, with a minimum of 13,117 and a maximum of 
103,590 of counts per sample. We decided to normalize at 29,000 reads per sample in order to remove a mini-
mum number of samples from the study and considering the fact that rarefaction curves reached near saturation 
well before 29,000 reads for the three alpha diversity metrics evaluated (Supplementary Fig. S1). This trend was 
observed in 73 of the total 80 samples. The alpha diversity metrics of samples from each tissue type at a subsam-
pling of 29,000 reads per sample are summarized in Supplementary Table S1. See Fig. 1 for sampling design.
Core bacterial microbiome composition of healthy colonies. Bacterial community compositions 
associated with tissue samples from healthy colonies (HB and HP) did not differ. Non-significant differences were 
observed in species richness Chao 1, in number of OTUs (operational taxonomic units) and in Shannon diversity 
between HB and HP samples (n = 37) (Supplementary Fig. S1). Beta diversity analysis, visualized using the first two 
coordinates of the PCoA plot did not show clusters of samples corresponding to types of tissues (Fig. 2a). Moreover, 
non-significant differences in community compositions and in the homogeneity of multivariate dispersions were 
inferred between these two types of tissues (PERMANOVA, P > 0.05, Permutational Analyses of Multivariate 
Dispersions, PERMDISP, P > 0.05 Table 1a). Accordingly, the Similarity Percentage (SIMPER) analysis revealed that 
the same set of OTUs contributed to the homogeneity within each type of tissue (Supplementary Table S2).
Given the similarity of the alpha diversity metrics and community compositions of healthy colonies, the 
core bacterial microbiome of P. cairnsi was defined as all OTUs present in all healthy samples. Eighteen OTUs 
accounted for the cumulative 95% of total abundance. From those, seven OTUs comprised the core microbiome, 
with Mycoplasma and Endozoicomonas being the prevalent components (Fig. 3). Mycoplasma (OTU1) was the 
most abundant core member (44.87 ± 13.43 average relative abundance given in %), while Endozoicomonas was 
the most diverse bacterial group among the core microbiome with four OTUs: OTU3 (19.69 ± 10.10), OTU2 
(17.94 ± 9.72), OTU755 (8 ± 3.80) and OTU175 (0.44 ± 0.20). OTUs assigned to the family Oceanospirillaceae 
(OTU6, 2.12 ± 1.75) and unclassified bacteria (OTU8, 1.08 ± 0.71) also comprised the core bacterial microbiome. 
Additionally, some OTUs were present in the majority of the samples (>86%), displaying low relative abundances: 
Bacteroidales (OTU4, 1.22 ± 1.64), Alteromonadales (OTU7, 0.67 ± 1.30), Synechococcus (OTU22, 0.34 ± 0.95), 
Spirochaetes (OTU23, 0.18 ± 0.26) and unclassified bacteria (OTU13, 0.68 ± 1.27) (Fig. 3).
Comparison of bacterial community compositions and functional profiles between tissue samples 
from healthy and diseased colonies. Symptomatic samples (DP) harboured bacterial assemblages dif-
ferent from those present in the asymptomatic samples (HB, HP and DB). The number of observed OTUs, bac-
terial richness and Shannon diversity within samples were significantly higher in DP compared to HB, HP and 
DB samples (Supplementary Fig. S1). In the ordination analysis, DP samples clustered apart from HB, HP and 
DB samples, suggesting different bacterial community composition (Fig. 2b). Moreover, PERMANOVA analyses 
revealed significant differences in community compositions in pair-wise comparisons between DP samples and 
samples from each type of the asymptomatic tissues (P < 0.0083, Table 1b). The homogeneity observed in multi-
variate dispersions among the four sampling groups (PERMDISP, P > 0.0083, Table 1b) confirmed that the signif-
icant differences obtained with PERMANOVA were due to differences in bacterial community compositions24.
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Considering all samples (n = 73), twenty-nine OTUs accounted for the cumulative 95% of total abundance. 
Eleven from these twenty-nine OTUs contributed to a greater extent to the differentiation between symptomatic 
(DP) and asymptomatic samples (DB, HP and HB), exhibiting two opposite trends: enrichment and depletion 
(Fig. 4). In terms of enrichment, a member from the order Bacteroidales (OTU4) was more abundant in DP sam-
ples than in the rest of asymptomatic samples and contributed the highest proportion to this differentiation (about 
20%) (Fig. 4, Supplementary Table S3 and S4). In addition, OTUs from the genus Aquimarina (Flavobacteriaceae, 
OTU5) and the genus Loktanella (Rhodobacteraceae, OTU12) also displayed higher abundances in DP samples, 
contributing over 10% and about 4% to the differentiation, respectively. Relative abundances of representatives 
from the family Flavobacteriaceae (OTU19), the genus Polaribacter (Flavobacteriaceae, OTU20) and the order 
Oceanospirillales (OTU18) increased in DP samples, but contributed to a lesser extent to the dissimilarity (<3%). 
In contrast, the relative abundances of the Endozoicomonas and Mycoplasma OTUs, previously described as part 
of the core microbiome of the healthy colonies, decreased in DP samples and contributed between 1.70% and 
8.80% to the dissimilarity with the rest of asymptomatic samples (Fig. 4, Supplementary Tables S3 and S4).
In addition to shifts in bacterial community compositions, we also observed a different taxonomy-based func-
tional profile in DP samples in comparison to the asymptomatic samples (HB, HP and DB). DP samples clustered 
in two groups enriched in bacterial taxa related to the physiological categories ‘anaerobic’, ‘heterotroph’, and the 
metabolic categories ‘dehalogenation’ and ‘ammonia oxidizer’. In contrast, these symptomatic samples displayed 
depletion in bacterial taxa linked to ‘nitrite reducer’ and ‘sulphate reducer’ metabolisms (Fig. 5, Supplementary 
Fig. S2). Interestingly, we observed functional diversity within healthy samples, although the bacterial community 
compositions did not differ significantly. Contrasting patterns regarding nitrogen fixers and sulphate and nitrite 
reducers were observed between clusters of mainly asymptomatic samples (Fig. 5).
Characterisation of Pacifigorgia cairnsi disease lesions. Based on field observations, diseased colo-
nies are characterized by necrotic patches (visible gorgonian axis without coenenchyme). Lesions are commonly 
located at the periphery of the colony and multifocally distributed. The shape of lesions is circular to irregular 
with undulating margins (sensu25). Moreover, lesions are typically surrounded by tissue with retracted polyps 
(Fig. 1). Based on these observations, we here refer to this newly reported disease as ‘necrotic patch disease’ 
(NPD). According to the microscopic pathology, no differences were observed among the four types of tissue. 
The coenenchyme from the surface and from longitudinal and transversal sections revealed the same microscopic 
Figure 1. Sampling design of healthy and diseased colonies of Pacifigorgia cairnsi. (a) Healthy colony and (b) 
diseased colony affected by NPD at Malpelo Island. (c) Detail of P. cairnsi lesion showing tissue with extended 
polyps (1), tissue with retracted polyps (2) and necrotic areas lacking polyps and coenenchyme (3). (d) Diagram 
showing sampling design. Samples (5 × 5 cm) were taken from peripheral tissue of healthy colonies (HP), 
basal tissue of healthy colonies (HB), peripheral (symptomatic) tissue of diseased colonies (DP) and basal (but 
asymptomatic) tissue of diseased colonies (DB). Necrotic patches (NP) were not included in DP samples.
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irregular morphology in HB, HP, DP and DB. Additionally, no signs of fungal presence (i.e. hyphae and conidio-
phores) were observed in healthy or diseased tissues (Supplementary Fig. S3).
Discussion
In this study, we tested NPD-related changes in the bacterial microbiome of P. cairnsi sea fans. Our major find-
ings are (i) the core microbiome composition associated with healthy colonies is similar in basal and peripheral 
tissues, (ii) bacterial microbiome shifts in diseased tissues are driven by the decrease of potential endosymbi-
onts composing the healthy core microbiome and the appearance of an opportunistic consortium, and (iii) the 
NPD-related consortium is confined to the symptomatic tissues of the affected colonies.
Bacterial communities constituting the core microbiome associated with healthy colonies did not differ signif-
icantly between basal and peripheral tissues. In terms of photosynthetic endosymbionts, different spatial arrange-
ments have been observed within branching scleractinian corals as a consequence of small-scale environmental 
variability (e.g. different light intensity and water flow)26. Correlation between bacterial communities and micro-
habitats within the colony is not well known yet. We hypothesize that the flexible fan-shape, which allows uniform 
water flow through the mesh in order to maximize the filter-feeding efficiency27, may lead to the similarity of 
bacterial communities observed between peripheral and basal parts.
The bacterial core microbiome of the sea fans was dominated by members assigned to the order 
Oceanospirillales and the genus Mycoplasma. Four OTUs from Oceanospirillales belonged to the genus 
Figure 2. PCoA plots based on a Bray-Curtis dissimilarity matrix of bacterial community compositions in 
healthy and diseased P. cairnsi samples. (a) Community compositions from samples of healthy colonies (HB 
and HP) and (b) from samples of healthy and diseased colonies (HB, HP, DB and DP) were compared using 
Bray-Curtis dissimilarity metric on the square-root transformed relative abundances. Note that disease basal 
(DB) samples showed no symptoms of disease. Principal Coordinate Analysis was used for visualization 
purposes, and the first two components (explaining over 50% of the variation) are displayed. The number 
of samples from each type of tissue is indicated within parenthesis. Vectors’ numbers correspond to taxa 
assigned at OTUs level: (1) genus Mycoplasma, (2) genus Endozoicomonas, (3) genus Endozoicomonas, (4) order 
Bacteroidales, (5) genus Aquimarina, (6) family Oceanospirillaceae, (7) order Alteromonadales, (8) domain 
Bacteria, (9) order Kiloniellales, (10) class Alphaproteobacteria, (11) class Alphaproteobacteria, (12) genus 
Loktanella, (13) domain Bacteria, (14) family Pirellulaceae, (15) class Alphaproteobacteria, (16) order 34P16, 
(17) order Kiloniellales, (18) order Oceanospirillales, (19) family Rhodobacteraceae, (20) genus Polaribacter, 
(21) domain Bacteria, (22) genus Synechococcus, (23) class Spirochaetes, (24) order CAB-I, (42) genus 
Nitrosopumilus, (44) genus Vibrio, (45) species Polymorphum gilvum, (175) genus Endozoicomonas, (755) genus 
Endozoicomonas.
Source df
PERMANOVA PERMANOVA Pair-wise tests PERMDISP
SS MS Pseudo-F P (perm) Groups t P (perm) Groups t P (perm)
a Tissue types 1 220 220.260 0.869 0.519 HB, HP 0.932 0.523
Res 35 8872 253.470 — — —
Total 36 9092
b Tissue types 3 11499 3833 12.368 0.0001* DP, DB 4.969 0.0001* DP,DB 2.628 0.024
Res 69 21384 309.910 DP, HB 4.659 0.0001* DP,HB 1.754 0.126
Total 72 32883 DP, HP 4.317 0.0001* DP,HP 1.229 0.295
DB, HB 0.982 0.462 DB,HB 0.763 0.486
DB, HP 1.455 0.026 DB,HP 1.638 0.159
HB, HP 0.933 0.539 HB,HP 0.709 0.526
Table 1. PERMANOVA and PERMDISP analyses. (a) Samples from healthy colonies (HB and HP) and (b) 
samples from healthy and diseased colonies (HB, HP, DB and DP) *P < 0.0083, Bonferroni corrected.
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Endozoicomonas, being the most diverse taxonomic group of the core. Endozoicomonas are commonly found 
as dominant endosymbionts in scleractinian and gorgonian core microbiomes28–31. Multiple metabolic func-
tions are attributed to this taxon within healthy coral holobionts such as gluconeogenesis, transport of mole-
cules and synthesis of amino acids32,33. Additionally, Endozoicomonas spp. may play an important role in coral 
health by providing antimicrobial activity34. Particularly, Endozoicomonas and Pseudovibrio isolates from coral 
and sponges showed antagonistic effects against different bacterial groups including known coral pathogens as 
Vibrio coralliilyticus10,34,35.
The most abundant OTU in all samples was assigned to the genus Mycoplasma. This taxon is an common 
microbiome member in gorgonians36,37 and cold-water scleractinians38,39. Even though Mycoplasma spp. have 
been suggested to be harmless commensals or endosymbionts in corals and in some cnidarians38–40, their specific 
role within the coral holobiont remains unclear.
Overall, our data revealed that the taxa constituting the sea fan bacterial core microbiome are also abun-
dant in other healthy gorgonians, such as the Mediterranean Leptogorgia sarmentosa and Eunicella spp.14, the 
Caribbean Antillogorgia elisabethae41 and the eastern Pacific Muricea spp.37. This indicates that these bacterial 
groups play similar roles in maintaining the holobiont’s health status. However, specific strains of Mycoplasma 
and Endozoicomonas have been associated with particular gorgonian species, potentially suggesting coevolution-
ary bacteria-host associations28,37,42,43. Hence, identifying the specific role that each of these potential endosymbi-
onts play within their hosts might provide valuable insights to understand the relationships between gorgonians 
and their microbiomes.
Significant shifts in bacterial community compositions and functional profiles were observed between 
healthy-colony and NPD-affected tissues. The relative abundances of the main core members (i.e. Endozoicomonas 
and Mycoplasma) decreased in diseased tissues, while a different array of more diverse bacteria arose. The deple-
tion of healthy-state associated taxa in conjunction with the increase of bacterial diversity, is not only common 
in corals affected by Yellow Band Disease (YBD)20, White Plague Disease (WPD)44,45 and Black Band Disease 
(BBD)18, but is also common in necrotic and unusual coral lesions46,47.
An OTU assigned to the order Bacteroidales contributed the most to the differentiation between 
healthy-colony and symptomatic tissues. Interestingly, this OTU corresponded to a low-abundant member 
of the P. cairnsi bacterial microbiome in the healthy tissues (Figs 3 and 4). Physiological or competitive con-
straints acting in healthy tissues might be eliminated during the disease, allowing native bacteria to increase 
Figure 3. Heatmap of relative abundances of OTUs in tissue samples from healthy colonies. Eighteen OTUs 
that accounted for 95% of the cumulative abundance in healthy colonies are displayed, with the top seven OTUs 
corresponding to the core microbiome (g: genus, f: family, c: class, o: order). Samples (columns) were ordered 
according to their spatial position displayed along the first PCoA component (explaining over 30% of the 
variation, Fig. 2a).
www.nature.com/scientificreports/
6SCIEnTIfIC RepoRts |  (2018) 8:14636  | DOI:10.1038/s41598-018-33007-8
opportunistically46. Additionally, the diseased tissues exhibited relatively high abundances of members of the 
families Flavobacteriaceae and Rhodobacteraceae, which have been associated with polymicrobial consortiums 
in BBD and WPD18,45. These taxa are considered opportunistic commensals capable of degrading the coral host 
tissue18,44. Specifically, Aquimarina spp. and Polaribacter spp. have been found in bleached marine macroalgae48 
and degrading polymers in lobsters’ lesions49. Overall, the NPD-related consortium was comprised of opportun-
istic bacteria represented by i) native microbiome members at increased abundances and by ii) a group of bacteria 
with the potential ability for degrading the host tissue, persisting in a broad host-range.
Shifts in the bacterial community compositions were consistent with changes in the functional profiles 
between tissues from healthy colonies and symptomatic tissues. The most noteworthy switch was the decrease 
of sulphate and nitrite reducing taxa in diseased tissues. This shift may be related to the reduction of potential 
endosymbionts in symptomatic tissues since these metabolic functions have previously been identified in bacte-
rial symbionts associated with healthy corals50–52. Although increased abundances of ammonia oxidizing bacteria 
were observed in some healthy samples, this metabolic function was remarkably increased in diseased tissues. The 
latter may respond to the higher availability of nitrogen compounds (particularly NH3) in symptomatic tissues, 
derived from organic matter decomposition53, which in turn may be related to the increase of anaerobic, hetero-
trophic, and dehalogenating taxa54,55. These findings, suggest that the NPD-related consortium likely uses diverse 
sources for energy, carbon and nutrient acquisition, suggesting that it opportunistically exploits available niches 
that may emerge as a consequence of the decrease of resident bacteria and the decay of coral tissue.
Additionally, we did not observe any evidence of fungal presence in HP, HB, DP and DB in our morphological 
assessment of tissues. Fungal species, such as Aspergillus sydowii, have previously been reported as causative agent 
of aspergillosis, a disease causing mass mortalities of Gorgonia ventalina sea fans in the Caribbean56. However, 
the role of A. sydowii as pathogen has been questioned57,58, as it has been found in healthy and diseased gorgonian 
octocorals in TEP (Tropical Eastern Pacific)59,60. Whether NPD affecting P. cairnsi is the same disease observed in 
other Pacifigorgia species in the TEP or whether it is aspergillosis, should be further addressed. However, we did 
not observe tissue purpling (i.e. host-produced melanin) as a response against fungal presence in any P. cairnsi 
sea fan, which has been considered to be a characteristic symptom of aspergillosis61,62. Therefore, the diagnoses of 
the disease here described (i.e. necrotic patches surrounded by tissue with retracted polyps and no microscopic 
evidence of fungal presence) lead us to consider NPD as a novel disease affecting gorgonian sea fans in the TEP.
Overall, our results suggest that disruptions in the natural bacterial community, depicted as a decrease of 
potential endosymbionts (e.g. Endozoicomonas), may favour the appearance of opportunistic taxa in diseased 
gorgonians. Correlation exists between coral health and the presence of endosymbionts, such as Endozoicomonas 
that are involved in nutrient acquisition and production of antimicrobial compounds34,41,63. Decreasing abun-
dances of these endosymbionts are characteristic of diseased and anthropogenically impacted corals64,65, sug-
gesting that imbalance in resident coral microbiota may have dramatic effects on coral health. The NPD-related 
Figure 4. Heatmap of the relative abundances of OTUs in tissue samples from healthy and diseased colonies. 
According to the SIMPER analyses, the eleven OTUs depicted mainly contributed to the differentiation between 
symptomatic (DP) and asymptomatic samples (HB, HP, DB), (g: genus, f: family, c: class, o: order). Average 
dissimilarity (%) corresponds to OTU’s contribution to the dissimilarity between DP and the rest of samples 
(DB, HP and HB).
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consortium is likely in a state of microbial imbalance (i.e. dysbiosis)66, potentially driven by environmental pres-
sures such as anomalous sea water temperatures22. In fact, it has been argued that many marine diseases may be 
the consequence of microbial dysbiosis and the rise of opportunistic or polymicrobial infections18,46,67 rather than 
being caused by single pathogens67–69.
The lack of differences in bacterial community compositions and functional profiles between tissues from 
healthy colonies and the asymptomatic tissues from diseased colonies suggests that the latter may be healthy. 
Hence, two health states could be identified within diseased colonies: (i) the diseased state of tissues affected by 
the NPD-related consortium and (ii) the healthy state of asymptomatic tissues colonized by a natural microbiome 
community. Our data thus suggest that the disease-related consortium is locally confined in the symptomatic 
tissues of P. cairnsi. This contrasts with findings in Orbicella faveolata affected by YBD, where asymptomatic 
tissues hosted microbial communities that differed both from symptomatic and healthy tissues, thus suggesting 
intermediate health states20.
The confinement of the disease-related consortium in P. cairnsi may also facilitate colony recovery. Corals 
showing localized BBD showed reduction of mortality rates as well as the halt of disease progression after disease 
treatment (i.e. removal of the affected area and sealing it with marine epoxy)70. However, diseased P. cairnsi sea 
Figure 5. Taxonomy-based functional profiling of bacterial communities in samples from healthy and 
diseased colonies. Shifts in potential functional differences are represented by a relative abundance scale 
showing the enrichment (red colour) and depletion (blue colour) in different metabolic profiles mapped to the 
corresponding taxonomic information by METAGENassist. Hierarchical clustering of samples and functions 
was performed by a single linkage algorithm using Euclidean distance measurements.
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fans have been seen recovering naturally after NPD incidences21,22. Breakages of both fragile NPD-affected areas 
and healthy tissue were observed in P. cairnsi due to the effect of strong currents (EQ pers. obs.). Thus, natural 
breaking offs of affected tissues may contribute to convalescence and ultimately to the resilience of these gorgo-
nian populations.
Our study reveals shifts in the bacterial microbiome associated with a newly reported disease affecting trop-
ical gorgonian corals. It recognizes the strong relationship between coral disease and shifts in the microbiome, 
and reveals the potential link between the spatial effects of the disease-related consortium at intra-colony level 
and disease recovery. Given the pivotal role that endosymbionts play in coral health status, future studies should 
focus on elucidating their specific functions within the holobiont, in order to better understand host-microbiome 
associations. Additionally, we encourage exploring the effect of environmental disturbances in microbiome dis-
ruptions triggering disease outbreaks, by implementing long-term studies and examining transcriptomic host 
profiles.
Methods
Sample collection. A total of 40 colonies (20 healthy and 20 diseased) of Pacifigorgia cairnsi sea fans were 
sampled around Malpelo, an oceanic remote island about 500 km off the Colombian coast in the Tropical Eastern 
Pacific (3°58′30″N, 81°34′48″W). All samples were collected on the same day between 10 and 15 m depth by 
Scuba diving at the ‘El Arrecife’ site. Sampled sea fans were adult colonies of approximately the same size in order 
to avoid age-related variations in microbial communities71. Healthy and diseased colonies were chosen based on 
the absence or presence of damaged tissues, respectively. From each colony two samples (5 × 5 cm) were taken, 
one from the periphery and one from the base, separated by at least 20 cm. Accordingly, 20 samples were obtained 
from each of the four types of tissues: peripheral tissue from healthy colonies (HP), basal tissue from healthy 
colonies (HB), peripheral (symptomatic) tissue from diseased colonies (DP) and basal (but asymptomatic) tis-
sue from diseased colonies (DB) (Fig. 1). The actual necrotic parts consisting of dead gorgonian axis (without 
coenenchyme) were not included in the symptomatic tissue samples but only the surrounding area of the wounds 
(Fig. 1). In order to prevent sample contamination, all wearing gloves and tools used to collect or manipulate sam-
ples were either disposed or sterilized after single use. Furthermore, each sample was gently rinsed with 100 ml 
filtered fresh water in order to remove exogenous or transient microorganisms loosely associated with the coral 
tissue. Samples were stored in RNAlater (Thermo Fisher Scientific, Waltham, USA) and preserved at −80 °C until 
subsequent DNA extraction.
Collections were made possible with research permit No.105 (2013), issued by the Autoridad Nacional de 
Licencias Ambientales-ANLA, Ministerio de Ambiente y Desarrollo Sostenible, Colombia and Contrato de 
Acceso a Recursos Genéticos para Investigación Científica Sin Interés Comercial No. 106, 20 (2014) RGE0114.
DNA extraction and 16S rRNA gene sequencing. DNA was extracted from approximately 100 mg 
of sea fan tissue using the PowerSoil DNA Isolation Kit (Mo Bio Laboratories, Carlsbad, USA) after macerating 
the sample in liquid nitrogen. DNA was initially quantified using a Nanodrop 2000 UV-Bis Spectrophotometer 
(Thermo Fisher Scientific) and corroborated prior to sequencing with a Qubit fluorometer HS assay kit (Life 
Technologies, Carlsbad, USA).
The variable V4 region of the 16S rRNA gene was sequenced using the 515 F/806 R PCR primers and Illumina 
flowcell adapter sequences according to the earth microbiome protocol72 (http://www.earthmicrobiome.org/
emp-standard-protocols/16s/). The Takara Taq DNA polymerase premix was used for PCR amplifications as 
described by Pehrsson et al.73. Barcoded amplicons were pooled and sequenced on the Illumina MiSeq platform 
(Illumina, San Diego, USA), implementing 2 × 250 bp paired-end read libraries.
Data pre-processing and OTU picking. Sequenced reads were pre-processed and Operational Taxonomic 
Units (OTUs) were generated following the UPARSE pipeline74 with the modifications suggested by Gibson et al.75 
and Pehrsson et al.73. In brief, reads were de-multiplexed using split_libraries_fastq.py script included in QIIME 
v1.9.176. Then, paired-end reads were processed by USEARCH v8.1.186177 as follows: merged (usearch–fastq_
mergepairs) requiring a final length of 253 bp ± 5 bp, quality filtered (usearch–fastq_filter) allowing a maximum 
expected error of 0.5, dereplicated (usearch–derep), sorted excluding singletons (usearch–sortbysize), clustered 
in OTUs (usearch–cluster_otus) and checked for chimeras (usearch–uchime_ref) using the ChimeraSlayer gold 
database (v. microbiomeutil-r20110519, downloaded in May 2016). Reads were later mapped to OTUs and 
their assignment was performed at 97% identity threshold (usearch–usearch_global). OTUs were aligned using 
PyNAST78 and taxonomy was assigned by RDP classifier79 against the GreenGenes database80 as implemented by 
QIIME scripts (align_seqs.py, assign_taxonomy, filter_alignment.py). Assigned taxonomy was synchronized with 
OTUs in Biom format tables81. The complete dataset has been deposited in the NCBI Sequence Read Archive 
(SRA) under BioProject number PRJNA403829.
In order to obtain a comprehensive description of the within-sample bacterial community, alpha diversity 
metrics (total number of observed OTUs, species richness Chao1 and Shannon diversity) and rarefaction plots 
with 29,000 sequences per sample were generated through QIIME (alpha_rarefaction.py, single_rarefaction.py). 
Differences in alpha diversity metrics were tested between all pairs of tissue types with Kruskal-Wallis tests as 
implemented in the software PAST v3.1282. The significance level was adjusted for the number of comparisons 
tested by Bonferroni correction.
Bacterial community analyses. Multivariate analyses were conducted to assess differences in bacterial 
community compositions between samples (beta diversity): (i) from healthy colonies (HD and HP) and ii) from 
healthy and diseased colonies (HP, HD, DP and DB). In both cases we considered taxa accounting for the cumu-
lative 95% of total abundance. In order to visualize differences in bacterial community compositions between 
www.nature.com/scientificreports/
9SCIEnTIfIC RepoRts |  (2018) 8:14636  | DOI:10.1038/s41598-018-33007-8
samples from tissue types we performed principal coordinate analyses (PCoA), applying a square-root trans-
formation to relative abundances and calculating Bray-Curtis dissimilarity matrices. Permutational Analyses of 
Variance (PERMANOVA83) were conducted to test differences in bacterial community compositions between tis-
sue types (9999 permutations). Additionally, Permutational Analyses of Multivariate Dispersions (PERMDISP24) 
were used to test for homogeneity of multivariate dispersions (9999 permutations) between sampling groups. 
The significance level was adjusted for the number of comparisons tested by Bonferroni correction. Similarity 
Percentage (SIMPER) analyses were used to identify the taxa contributing to the greatest extent to the observed 
patterns. All multivariate analyses were performed at family and OTU level using PRIMER 6 & PERMANOVA+ 
software84. Additionally, heatmaps were generated with the R package ggplot285,86 through the RStudio suite87 to 
visualize patterns of similarity in OTUs’ abundances between types of tissues. As all samples were taken from the 
same reef and at the same day, we defined the core bacterial microbiome of P. cairnsi as those OTUs present in 
100% of HB and HP sample tissues14.
Putative functional differences associated with differences in bacterial community compositions among tis-
sue types were assessed by using METAGENassist88. OTUs filtering and normalization parameters were used 
as described by Hadaidi et al.89. Euclidean distance measure (single linkage algorithm) was used to visualize 
functional profiles (i.e. metabolism, oxygen requirements, carbon and energy source) in heatmaps mapped to the 
microbial communities.
Characterisation of Pacifigorgia cairnsi disease lesions. In order to provide a detailed description 
of disease lesions, we conducted field investigations based on in situ underwater photographs from healthy and 
affected colonies.
This information was used subsequently to characterize and name the P. cairnsi disease as ‘necrotic patch 
disease’ according to a framework systematically describing gross lesions in corals25.
Moreover, the microscopic pathology of lesions was addressed using scanning electron microscopy (SEM, 
JSM 6490-LV)90. Accordingly, HP, HB, DP and DB tissues from five healthy and five diseased colonies were fixed 
in 2% glutaraldehyde, washed in distilled sterile water, dehydrated in a series of ethanol solutions (30, 50, 70, 80, 
90, 95 and 100%) and finally carbon coated. SEM images were obtained from the surface and from longitudinal 
and transversal sections of all types of tissues at 45, 250 and 1000 x magnifications. Finally, detailed observations 
of polyps, coenenchymes and gorgonian axes were done using SEM at up to 2000x magnification.
References
 1. Bourne, D. G. et al. Microbial disease and the coral holobiont. Cell Press 17, 554–562 (2009).
 2. Vega-Thurber, R. et al. Metagenomic analysis of stressed coral holobionts. Environ. Microbiol. 11, 2148–2163 (2009).
 3. Harvell, D. et al. Coral disease, environmental drivers, and the balance between coral and microbial associates. Oceanography 20, 
172–195 (2007).
 4. Aronson, R. B. & Precht, W. F. White-band disease and the changing face of Caribbean coral reefs. Hydrobiologia 460, 25–38 (2001).
 5. Goldberg, J. & Wilkinson, C. In Status of Coral Reefs of the World (ed. Wilkinson, C.) 67–92 (2004).
 6. Hughes, T. P., Graham, N. A. J., Jackson, J. B. C., Mumby, P. J. & Steneck, R. S. Rising to the challenge of sustaining coral reef 
resilience. Trends Ecol. Evol. 25, 633–642 (2010).
 7. Rohwer, F., Seguritan, V., Azam, F. & Knowlton, N. Diversity and distribution of coral-associated bacteria. Mar. Ecol. Prog. Ser. 243, 
1–10 (2002).
 8. Knowlton, N. & Rohwer, F. Multispecies microbial mutualisms on coral reefs: The host as a habitat. Am. Nat. 162, 51–62 (2003).
 9. Rosenberg, E., Koren, O., Reshef, L., Efrony, R. & Zilber-Rosenberg, I. The role of microorganisms in coral health, disease and 
evolution. Nat. Rev. Microbiol. 5, 355–362 (2007).
 10. Rypien, K. L., Ward, J. R. & Azam, F. Antagonistic interactions among coral-associated bacteria. Environ. Microbiol. 12, 28–39 
(2010).
 11. Thompson, J. R., Rivera, H. E., Closek, C. J. & Medina, M. Microbes in the coral holobiont: partners through evolution, development, 
and ecological interactions. Front. Cell. Infect. Microbiol. 4, (2015).
 12. Shade, A. & Handelsman, J. Beyond the Venn diagram: the hunt for a core microbiome. Environ. Microbiol. 14, 4–12 (2012).
 13. Ainsworth, T. D. et al. The coral core microbiome identifies rare bacterial taxa as ubiquitous endosymbionts. ISME J. 9, 2261–2274 
(2015).
 14. Van de Water, J. A. J. M. et al. Seasonal stability in the microbiomes of temperate gorgonians and the red coral Corallium rubrum 
across the Mediterranean Sea. Microb. Ecol. https://doi.org/10.1007/s00248-017-1006-y (2017).
 15. Mera, H. & Bourne, D. G. Disentangling causation: complex roles of coral-associated microorganisms in disease. Environ. Microbiol. 
https://doi.org/10.1111/1462-2920.13958 (2017).
 16. Sweet, M. J. & Bulling, M. T. On the importance of the microbiome and pathobiome in coral health and disease. Front. Mar. Sci. 4, 
(2017).
 17. Cárdenas, A., Rodriguez-R, L. M., Pizarro, V., Cadavid, L. F. & Arévalo-Ferro, C. Shifts in bacterial communities of two caribbean 
reef-building coral species affected by white plague disease. ISME J. 6, 502–512 (2012).
 18. Meyer, J. L., Gunasekera, S. P., Scott, R. M., Paul, V. J. & Teplitski, M. Microbiome shifts and the inhibition of quorum sensing by 
Black Band Disease cyanobacteria. ISME J. 10, 1204–1216 (2015).
 19. Wright, R. M., Aglyamova, G. V, Meyer, E. & Matz, M. V. Gene expression associated with white syndromes in a reef building coral, 
Acropora hyacinthus. BMC Genomics 16, (2015).
 20. Closek, C. J. et al. Coral transcriptome and bacterial community profiles reveal distinct Yellow Band Disease states in Orbicella 
faveolata. ISME J. 8, 2411–2422 (2014).
 21. Sánchez, J. A., Gómez, C. E., Escobar, D. & Dueñas, L. F. Diversidad, abundancia y amenazas de los octocorales de laIsla de Malpelo, 
Pacífico Oriental Tropical, Colombia. Boletín Investig. Mar. y Costeras. 40, 139–154 (2011).
 22. Sánchez, J. A. In Marine Animal Forests: The Ecology of Benthic Biodiversity Hotspots (ed. Sergio Rossi, Lorenzo Bramanti, Andrea 
Gori, and C. O. S. del V.) 1–33 https://doi.org/10.1007/978-3-319-21012-4 (Springer International Publishing, 2016).
 23. Sánchez, J. A. & Ballesteros, D. C. The invasive snowflake coral (Carijoa riisei) in the Tropical Eastern Pacific, Colombia. Rev. Biol. 
Trop. 62, 197–201 (2014).
 24. Anderson, M. J., Ellingsen, K. E. & McArdle, B. H. Multivariate dispersion as a measure of beta diversity. Ecol. Lett. 9, 683–693 
(2006).
 25. Work, T. M. & Aeby, G. S. Systematically describing gross lesions in corals. Dis. Aquat. Organ. 70, 155–160 (2006).
 26. Jones, R. J. & Yellowlees, D. Regulation and control of intracellular algae (=zooxanthelae) in hard corals. Philos. Trans. R. Soc. 
London Ser. B. 352, 457–468 (1997).
www.nature.com/scientificreports/
1 0SCIEnTIfIC RepoRts |  (2018) 8:14636  | DOI:10.1038/s41598-018-33007-8
 27. Leversee, G. T. Flow and feeding in fan-shaped colonies of the gorgonian coral. Leptogorgia. Biol. Bull. 151, 344–356 (1976).
 28. Bayer, T. et al. Bacteria of the genus Endozoicomonas dominate the microbiome of the Mediterranean gorgonian coral Eunicella 
cavolini. Mar. Ecol. Prog. Ser. 479, 75–84 (2013).
 29. Bayer, T. et al. The microbiome of the Red Sea Coral Stylophora pistillata is dominated by tissue-associated Endozoicomonas Bacteria. 
Appl. Environ. Microbiol. 79, 4759–4762 (2013).
 30. La Rivière, M., Roumagnac, M., Garrabou, J. & Bally, M. Transient Shifts in Bacterial Communities Associated with the Temperate 
Gorgonian Paramuricea clavata in the Northwestern Mediterranean Sea. PLoS One 8, (2013).
 31. Vezzulli, L., Pezzati, E., Huete-Stauffer, C., Pruzzo, C. & Cerrano, C. 16SrDNA pyrosequencing of the mediterranean gorgonian 
Paramuricea clavata reveals a link among alterations in bacterial holobiont members, anthropogenic influence and disease 
outbreaks. PLoS One 8, (2013).
 32. Ding, J.-Y., Shiu, J.-H., Chen, W.-M., Chiang, Y.-R. & Tang, S.-L. Genomic insight into the host-endosymbiont relationship of 
Endozoicomonas montiporae CL-33T with its coral host. Front. Microbiol. 7, (2016).
 33. Neave, M. J., Michell, C. T., Apprill, A. & Voolstra, C. R. Endozoicomonas genomes reveal functional adaptation and plasticity in 
bacterial strains symbiotically associated with diverse marine hosts. Sci. Rep. 7 (2017).
 34. Rua, C. P. J. et al. Diversity and antimicrobial potential of culturable heterotrophic bacteria associated with the endemic marine 
sponge. Arenosclera brasiliensis. PeerJ 2, e419, https://doi.org/10.7717/peerj.419 (2014).
 35. Ben-Haim, Y. et al. Vibrio coralliilyticus sp. nov., a temperature-dependent pathogen of the coral Pocillopora damicornis. Int. J. Syst. 
Evol. Microbiol. 53, 309–315 (2003).
 36. Gray, M. A., Stone, R. P., McLaughlin, M. R. & Kellogg, C. A. Microbial consortia of gorgonian corals from the Aleutian islands. 
FEMS Microbiol. Ecol. 76, 109–120 (2011).
 37. Holm, J. B. & Heidelberg, K. B. Microbiomes of Muricea californica and M. fruticosa: Comparative analyses of two co-occurring 
Eastern Pacific Octocorals. Front. Microbiol. 7, (2016).
 38. Neulinger, S. et al. Tissue-associated ‘Candidatus Mycoplasma corallicola’ and filamentous bacteria on the cold-water coral Lophelia 
pertusa (Scleractinia). Appl. Environ. Microbiol. 75, 1437–1444 (2009).
 39. Kellogg, C. A., Lisle, J. T. & Galkiewicz, J. P. Culture-independent characterization of bacterial communities associated with the 
cold-water coral Lophelia pertusa in the Northeastern Gulf of Mexico. Appl. Environ. Microbiol. 75, 2294–2303 (2009).
 40. Weiland-Bräuer, N. et al. Composition of bacterial communities associated with Aurelia aurita changes with compartment, life 
stage, and population. Appl. Environ. Microbiol. 81, 6038–6052 (2015).
 41. Correa, H., Haltli, B., Duque, C. & Kerr, R. Bacterial communities of the gorgonian octocoral Pseudopterogorgia elisabethae. Microb. 
Ecol. 66, 972–985 (2013).
 42. La Rivière, M., Garrabou, J. & Bally, M. Evidence for host specificity among dominant bacterial symbionts in temperate gorgonian 
corals. Coral Reefs 34, 1087–1098 (2015).
 43. van de Water, J. A. J. M. et al. Comparative assessment of mediterranean gorgonian-associated microbial communities reveals 
conserved core and locally variant bacteria. Microb. Ecol. 73, 466–478 (2016).
 44. Sunagawa, S. et al. Bacterial diversity and White Plague Disease-associated community changes in the Caribbean coral Montastraea 
faveolata. ISME J. 3, 512–521 (2009).
 45. Roder, C. et al. Bacterial profiling of White Plague Disease in a comparative coral species framework. ISME J. 8, 31–39 (2014).
 46. Meyer, J. L., Paul, V. J. & Teplitski, M. Community shifts in the surface microbiomes of the coral Porites astreoides with unusual 
lesions. PLoS One 9, (2014).
 47. Ransome, E., Rowley, S. J., Thomas, S., Tait, K. & Munn, C. B. Disturbance to conserved bacterial communities in the cold-water 
gorgonian coral Eunicella verrucosa. FEMS Microbiol Ecol 90, 404–416 (2014).
 48. Zozaya-Valdes, E., Egan, S. & Thomas, T. A comprehensive analysis of the microbial communities of healthy and diseased marine 
macroalgae and the detection of known and potential bacterial pathogens. Front. Microbiol. 6, (2015).
 49. Chistoserdov, A. Y., Quinn, R. A., Gubbala, S. L. & Smolowitz, R. Bacterial communities associated with lesions of shell disease in 
the American lobster, Homarus americanus Milne-Edwards. J. Shellfish Res. 31, 449–462 (2012).
 50. Yang, S., Sun, W., Zhang, F. & Li, Z. Phylogenetically diverse denitrifying and ammonia-oxidizing bacteria in corals Alcyonium 
gracillimum and Tubastraea coccinea. Mar Biotechnol 15, 540–551 (2013).
 51. Arboleda, M. & Reichardt, W. Epizoic communities of prokaryotes on healthy and diseased scleractinian corals in Lingayen Gulf, 
Philippines. Microb. Ecol. 57, 117–128 (2009).
 52. Meron, D. et al. The impact of reduced pH on the microbial community of the coral Acropora eurystoma. ISME J. 5, 51–60 (2011).
 53. Hensen, C., Zabrel, M. & Schulz, H. In Marine Geochemistry (eds Schulz, H. & Zabel, H.) 207–240 (Springer-Verlag, 2006).
 54. Jorgensen, B. B. In Marine Geochemistry (eds. Schulz, H. & Zabel, M.) 169–208 (Springer-Verlag, 2006).
 55. Weber, M. et al. Mechanisms of damage to corals exposed to sedimentation. Proc. Natl. Acad. Sci. 109, E1558–E1567 (2012).
 56. Nagelkerken, I. et al. Widespread disease in Caribbean sea fans: II. Patterns of infection and tissue loss. Mar. Ecol. Prog. Ser. 160, 
255–263 (1997).
 57. Toledo-Hernández, C. et al. Fungi in healthy and diseased sea fans (Gorgonia ventalina): Is Aspergillus sydowii always the pathogen? 
Coral Reefs 27, 707–714 (2008).
 58. Toledo-Hernández, C., Gulis, V., Ruiz-Diaz, C. P., Sabat, A. M. & Bayman, P. When aspergillosis hits the fan: Disease transmission 
and fungal biomass in diseased versus healthy sea fans (Gorgonia ventalina). Fungal Ecol. 6, 161–167 (2013).
 59. Barrero-Canosa, J., Dueñas, L. F. & Sánchez, J. A. Isolation of potential fungal pathogens in gorgonian corals at the Tropical Eastern 
Pacific. Coral Reefs 32, 35–41 (2012).
 60. Soler-Hurtado, M., Sandoval-Sierra, J. V., Machordom, A. & Diéguez-Uribeondo, J. Aspergillus sydowii and Other Potential Fungal 
Pathogens in Gorgonian Octocorals of the Ecuadorian Pacific. PLoS One 11, (2016).
 61. Petes, L. E., Harvell, C. D., Peters, E. C., Webb, M. A. H. & Mullen, K. M. Pathogens compromise reproduction and induce 
melanization in Caribbean sea fans. Mar. Ecol. Prog. Ser. 264, 167–171 (2003).
 62. Mydlarz, L. D., Holthouse, S. F., Peters, E. C. & Harvell, C. D. Cellular responses in sea fan corals: Granular amoebocytes react to 
pathogen and climate stressors. PLoS One 3, e1811 (2008).
 63. Bourne, D., Iida, Y., Uthicke, S. & Smith-Keune, C. Changes in coral-associated microbial communities during a bleaching event. 
ISME J. 2, 350–363 (2008).
 64. Ziegler, M. et al. Coral microbial community dynamics in response to anthropogenic impacts near a major city in the central Red 
Sea. Mar. Pollut. Bull. 105, 629–640 (2016).
 65. Neave, M. J., Apprill, A., Ferrier-Pagès, C. & Voolstra, C. R. Diversity and function of prevalent symbiotic marine bacteria in the 
genus Endozoicomonas. Appl. Microbiol. Biotechnol. https://doi.org/10.1007/s00253-016-7777-0 (2016).
 66. Petersen, C. & Round, J. L. Defining dysbiosis and its influence on host immunity and disease. Cell. Microbiol. 16, 1024–1033 (2014).
 67. Egan, S. & Gardiner, M. Microbial Dysbiosis: Rethinking Disease in Marine Ecosystems. Front. Microbiol. 7 (2016).
 68. Lesser, M. P., Bythell, J. C., Gates, R. D., Johnstone, R. W. & Hoegh-Guldberg, O. Are infectious diseases really killing corals? 
Alternative interpretations of the experimental and ecological data. J. Exp. Mar. Bio. Ecol. 346, 36–44 (2007).
 69. Muller, E. & van Woesik, R. Caribbean coral diseases: primary transmission or secondary infection? Glob. Chang. Biol. 18, 
3529–3535 (2012).
 70. Aeby, G. S. et al. First record of black band disease in the Hawaiian archipelago: Response, outbreak status, virulence, and a method 
of treatment. PLoS One 10, e0120853 (2015).
www.nature.com/scientificreports/
1 1SCIEnTIfIC RepoRts |  (2018) 8:14636  | DOI:10.1038/s41598-018-33007-8
 71. Williams, A. D., Brown, B. E., Putchim, L. & Sweet, M. J. Age-related shifts in bacterial diversity in a reef coral. PLoS One 10, (2015).
 72. Gilbert, J. A., Jansson, J. K. & Knight, R. The Earth Microbiome project: successes and aspirations. BMC Biol. 12, 69 (2014).
 73. Pehrsson, E. C. et al. Interconnected microbiomes and resistomes in low-income human habitats. Nature 533, 212–216 (2016).
 74. Edgar, R. C. UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 647, 1–5 (2013).
 75. Gibson, M. K. et al. Developmental dynamics of the preterm infant gut microbiota and antibiotic resistome. Nat. Microbiol. 1, 
(2016).
 76. Caporaso, G. J. et al. QIIME allows analysis of high-throughput community sequencing data. Nat. Methods 7, 335–336 (2010).
 77. Edgar, R. C. Search and clustering orders of magnitude faster than BLAST. Bioinformatics 26, 2460–2461 (2010).
 78. Caporaso, G. J. et al. PyNAST: A flexible tool for aligning sequences to a template alignment. Bioinformatics 26, 266–267 (2010).
 79. Wang, Q., Garrity, G. M., Tiedje, J. M. & Cole, J. R. Naïve Bayesian classifier for rapid assignment of rRNA sequences into the new 
bacterial taxonomy. Appl. Environ. Microbiol. 73, 5261–5267 (2007).
 80. DeSantis, T. Z. et al. Greengenes, a chimera-checked 16S rRNA gene database and workbench compatible with ARB. Appl. Environ. 
Microbiol. 72, 5069–5072 (2006).
 81. McDonald, D. et al. The Biological Observation Matrix (BIOM) format or: how I learned to stop worrying and love the ome-ome. 
Gigascience 1, 7 (2012).
 82. Hammer, O., Harper, D. A. & Ryan, P. Paleontological Statistics Software: Package for Education and Data Analysis. Paleontol. 
Electron. 4, 9 (2001).
 83. Anderson, M. J. A new method for non-parametric multivariate analysis of variance. Austral Ecol. 26, 32–46 (2001).
 84. Anderson, M. J., Goerley, R. & Clarke, K. PERMANOVA+ for PRIMER: Guide to Software and Statistical Methods. PRIMER-E 
(2008).
 85. Wickham, H. ggplot2: Elegant graphics for data analysis. Springer-Verlag (2009).
 86. R Development Core Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing. 
(2008).
 87. RStudio Team. Integrated Development for R. RStudio, Inc. (2015).
 88. Arndt, D. et al. METAGENassist: a comprehensive web server for comparative metagenomics. Nucleic Acids Res. 40, 88–95 (2012).
 89. Hadaidi, G. et al. Stable mucus-associated bacterial communities in bleached and healthy corals of Porites lobata from the Arabian 
Seas. Sci. Reports 7, 1–11 (2017).
 90. Work, T. & Meteyer, C. To Understand Coral Disease, Look at Coral Cells. Ecohealth, https://doi.org/10.1007/s10393-014-0931-1 
(2014).
Acknowledgements
We thank the Fundación Malpelo and Parques Nacionales Naturales (PNN) in Colombia for organizing the 
expeditions to Malpelo Island, especially Sandra Bessudo and Nancy Murillo for their valuable support. We also 
acknowledge the colleagues and students from the Laboratorio de Biología Molecular Marina (BIOMMAR, 
Universidad de los Andes) for their support in the laboratory stage. Finally, we thank the HPC support team 
of Universidad de Los Andes. This study was funded by the Fundación para la Promoción de la Investigación 
y la Tecnología (grant No. 3744 to JAS), the Facultad de Ciencias (Universidad de los Andes) and the Center of 
Excellence in Marine Sciences (CEMarin) in Bogotá.
Author Contributions
E.Q., J.A.S., A.R.M. and T.W. contributed to the design of the study. E.Q. and C.R.P. conducted the sampling. 
E.Q., C.R.P., B.A.O. and G.W. generated the data. E.Q., C.R.P. analysed the data. E.Q., C.R.P., A.R.M. and S.P.G. 
interpreted data results. E.Q. wrote the manuscript. E.Q., C.R.P., B.A.O., G.W., S.P.G., T.W., A.R.M. and J.A.S. 
revised the manuscript.
Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-33007-8.
Competing Interests: The authors declare no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.
Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018
